Abstract-A technique for absolute end-to-end calibration of a fully polarimetric microwave radiometer is presented. The technique is based on the tripolarimetric calibration technique of Gasiewski and Kunkee, but is extended to provide a means of calibrating all four Stokes parameters. The extension is facilitated using a biaxial phase-retarding microwave plate to provide a precisely known fourth Stokes signal from the Gasiewski-Kunkee (GK) linearly polarized standard. The relations needed to determine the Stokes vector produced by the augmented standard are presented, and the effects of nonidealities in the various components are discussed. The application of the extended standard to determining the complete set of radiometer constants (the calibration matrix elements) for the National Oceanic and Atmospheric Administration Polarimetric Scanning Radiometer in a laboratory environment is illustrated. A calibration matrix inversion technique and error analysis are described, as well. The uncertainties associated with practical implementation of the fully polarimetric standard for spaceborne wind vector measurements are discussed relative to error thresholds anticipated for wind vector retrieval from the U.S. National Polar-Orbiting Environmental Satellite System.
A Calibration Method for Fully Polarimetric
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Digital Object Identifier 10.1109/TGRS. 2003 .810203 et al. [2] and Yueh et al. [3] . The inversion of polarimetric ocean microwave emission anisotropies for one-and two-dimensional ocean wind vector imaging was first demonstrated by Piepmeier and Gasiewski [4] via using tripolarimetric measurements at 10.7 and 37 GHz. From these studies, it has become clear that new and useful information can be obtained on ocean surface anisotropies using measurements of the third and fourth Stokes parameters within microwave window channels. Third and fourth Stokes parameter measurements are also potentially valuable for vertical sounding of mesospheric thermal structure [5] , an application that is anticipated to provide valuable climatic information, and for interference detection in passive microwave radiometry.
The complete second-order spectral characterization of electromagnetic waves requires a total of four parameters at any given frequency: two parameters to represent the rms power within two orthogonal modes (e.g., vertical and horizontal linear, as in the modified Stokes parameter basis [6, p. 125] ) and two additional parameters to represent the complex coherence between these two modes. To express the polarimetric characteristics of these stochastic transverse wave processes, we can use the full (modified) Stokes vector under the Rayleigh-Jeans approximation (1) where is the brightness temperature for component , the wavelength, Boltzmann's constant, impedance of the medium, and the electric field for polarization . The subscript is equal to , , 3, and 4 when referring, respectively, to the first, second, third, and fourth Stokes parameters, and it equals 45, 45, , and for 45 linear, 45 linear, left-handed circularly, and right-handed circularly polarized brightness temperatures, respectively. The two equivalent definitions of the third and fourth Stokes parameter in (1) have stimulated the development of two fundamentally distinct polarimetric radiometer architectures, i.e., that of a correlating polarimeter [4] and an adding polarimeter [3] . Correlation of two orthogonal wave amplitudes can furthermore be performed using either analog [7] or digital detection hardware [8] . The adding polarimeter (e.g., see [9] and [10] ) requires the incoherent detection of at least four orthogonal mode combinations along with postdetection differencing.
0196-2892/03$17.00 © 2003 IEEE Despite extensive work in passive polarimetric applications, relatively little has been published on the calibration of polarimetric radiometers, with the publication by Gasiewski and Kunkee [11] (hereafter referred to as the GK technique) being the seminal work in this area. In the GK study a practical means was proposed for accurately calibrating a tripolarimetric (i.e., first three Stokes parameters) radiometer from its antenna through its analog-to-digital converters using relatively simple hardware. However, the study did not address the calibration of the fourth Stokes parameter. Accordingly, we have extended the GK technique for end-to-end calibration of a fully polarimetric radiometer using a similar simple passive standard. The standard is based on that described in [11] , i.e., being composed of two blackbodies of different but precisely known emission temperatures along with a polarization-splitting wire-grid. In order to generate a precisely known set of values, we incorporate further a microwave phase retardation plate. We discuss herein the general requirements for fully polarimetric calibration using this system, along with an error analysis, and demonstrate a fully polarimetric calibration standard for laboratory usage. The feasibility of the calibration method and constraints on such a standard suitable for wind vector polarimetry are also discussed.
II. THEORETICAL BACKGROUND

A. General Requirements for Fully Polarimetric Calibration
A well-designed single-polarization radiometer is highly linear in its response to antenna temperature, thus warranting a two-blackbody technique for calibration (e.g., see [12] ). In the two-blackbody technique one needs to identify only two unknown system parameters (the gain and offset) using two distinct but precisely known antenna temperatures. The radiometer's response to the third and fourth Stokes parameters as well as cross-polarization leakage is generally neglected in single and dual polarization systems, and justifiably so, provided that the blackbody standards are themselves unpolarized. Both analog and digital radiometers [13] can be calibrated in this manner.
A fully polarimetric radiometer, in contrast, will generally exhibit some sensitivity in each channel to all four Stokes parameters, and thus requires more than two distinct input stimuli for complete calibration. Based on the formulation for a tripolarimetric radiometer [11] the complete output response of a fully polarimetric radiometer can be written as (2) where is video output response vector; and consist of radiometer gain and offset parameters; and is the instrument noise referred to the video outputs. The off-diagonal elements of represent interchannel crosstalk, which can be the result of one or more hardware limitations, including a) limited polarization isolation in the antenna, b) cross-talk in the video or microwave circuitry, c) unbalance or cross-talk in the correlator, depending on the correlator type and configuration, and d) phase imbalances in the predetected signals used to measure or . In order to invert the antenna brightness temperature vector from , the elements of and in (2) are required. Owing to instrument drift, their determination generally needs to be performed periodically, with the period determined by the gain and offset autocorrelation rolloff characteristics (e.g., see [14] ). During calibration, a variety of reference brightness vectors are presented to the antenna, resulting in the acquisition of a calibration data matrix (3) where is the number of distinct observations, or calibration "looks." We represent the relationship between the radiometer response for one channel and the calibration data matrix by: (4) where is a unity vector of length ; the subscript can be either , , 3, or 4. In order to determine the elements in the gain matrix and offset vector the set of calibration looks must fulfill two requirements: a) the reference brightness vectors must be able to be determined a priori with adequate precision and timeliness, and b) the number of linearly independent brightness vectors must be greater than or equal to the number of gain/offset unknowns for each channel, i.e., must be full rank. For the fully polarimetric case the minimum rank is five, unless one or more of the unknown gain/offsets parameters can be predetermined and held fixed by careful design and stabilization.
B. Passive Polarimetric Calibration Hardware
Using the GK polarized standard [11] (heretofore referred to as a "linearly polarized standard"), a maximum of three linearly independent Stokes vectors along with an unpolarized Stokes vector can be generated. The unpolarized vector is obtained, e.g., by removing the polarizing wire grid. This set of vectors facilitates calibration of the first three Stokes channels. In order to calibrate the fourth Stokes channel, a precision circularly polarized signal can be generated by inserting a biaxial phase retardation plate between the linearly polarized standard and the radiometer antenna. The retardation plate generates a predetermined phase shift between the perpendicular field components of the transmitted waves. We refer to this combination of a linearly polarized standard and a retardation plate as a "fully polarimetric standard" (Fig. 1) . The a priori determination of the Stokes vector generated by such a standard proceeds by first calculating the tripolarimetric Stokes vector of the linearly polarized standard, then multiplying this vector by a transformation matrix describing the influence of the retardation plate. The tripolarimetric Stokes vector is [11] (5)
where and are the hot and cold blackbody brightness temperatures, respectively; is the physical temperature of the polarizing grid; and , , and are reflection coefficient, transmission coefficient, and ohmic losses of the grid for the waves polarized parallel to grid wires, respectively. The analogous parameters for waves polarized perpendicular to the grid wires are , , and , respectively. The losses of the polarizing grid are assumed to be included as in [15] . The grid wire orientation angle measured with respect to the antenna polarization basis is , with defined by the grid wires being aligned parallel to the radiometer's vertical polarization axis. We assume that and , which is the case for grids with close and uniform wire spacing.
To simplify our analysis, we first ignore the thermal emission contribution from the retardation plate. Using (5) and (6), the Stokes vector generated upon insertion of the retardation plate is (7) (8) (9) where is the rotation angle of the plate relative to the radiometer. Here, refers to the case where the retardation plate's slow axis is parallel to the radiometer antenna's vertical polarization. The nonzero elements of are
where is the relative phase shift between the slow and fast axes of the plate; is the plate thickness; and and are wave numbers for electric fields parallel and perpendicular to the slow axis of the retardation plate, respectively.
The losses of the retardation plate in the slow and fast axes are (17) where is the (nonnegative) power attenuation coefficient of the plate for the electric field parallel and perpendicular to the slow axis (respectively). The attenuation coefficient is obtained by [16] ( 17) where is frequency, and and are the effective permeability and complex dielectric constant of the retardation plate, respectively. The derivation of (10)- (16) for vertical polarization has been presented earlier in [17] for the lossless case. For the general (lossy) case, we present the results for all four Stokes parameters in Appendix A, with the detailed derivation available in [18] .
Various retardation plate designs have been presented in [19] . A practical retardation plate is a slab of dielectric material with parallel grooves machined on one or both sides (configuration "D" in [19] ). Suitable materials include, e.g., polytetrafluoroethylene (PTFE, also known by its trade name as Teflon), polyethylene, or cross-linked polystyrene (known by its trade name as Rexolite). The effective dielectric constant of a grooved plate is different along the axes parallel (slow axis) and perpendicular (fast axis) to the grooves. To determine the dielectric constants the machined grooves of the retardation plate and ridges between them can be considered to be capacitors filled with air and dielectric, respectively. For the electric field parallel to the grooves the capacitors behave as if connected in parallel; for the electric field perpendicular to the grooves the capacitors behave as if connected in series. The effective complex dielectric constants for fields both parallel and perpendicular to the grooves are thus approximately [17] (19) (20) where the subscripts "1" and "2" refer to the bulk dielectric material and the surrounding medium (e.g., air), respectively. The symbol stands for the fill factor of the plate, i.e., the relative thickness of material between the grooves.
Expressions for groove depths and fill factors for given phase shifts are provided in [20] and [21] . In practice, the plate's solid and grooved layers are optimized in thickness to minimize reflections and preclude grating lobes. Good estimates for the losses and are the products of the individual losses of the grooved and solid layers of the slab. However, this approach does not include the secondary effects of internal reflection or diffraction (e.g., see [22] ), which remain to be studied.
Upon inclusion of the brightness temperature contribution of the retardation plate the resulting fully polarimetric Stokes vector becomes
where is the physical temperature of the retardation plate. (The derivation of (22) is presented in [18] .) The fully polarimetric standard, along with an unpolarized blackbody (realized, for example, by removing both the retardation plate and grid) can be used to generate four linearly independent polarized Stokes vectors along with an unpolarized Stokes vector. Collectively, this set of Stokes vectors facilitates precise calibration of all four Stokes parameters provided that the various material and component parameters of the standard are adequately known.
Changing and can provide an infinite number of distinct calibration data matrix rows. As a practical example, one particularly useful and complete set of reference Stokes vectors is described in Table I . Note that in order to avoid the removal of the retardation plate during the calibration process the generation of mixed linearly and circularly polarized signals is required. Thus, the phase shift of the retardation plate should be significantly different from 90 or its multiples.
C. Calibration Matrix Inversion and Uncertainties
By rotating the linearly polarized standard and the retardation plate over a range of angles and , respectively, along with applying unpolarized looks, a full-rank set of Stokes vectors can be observed (23) where represents the generated a priori Stokes vector set, and is a matrix of uncertainties in the calibration looks caused by imperfect knowledge of the parameters of various components. The elements of are (24) where the subscript stands for one of configurations of the calibration standard. The standard deviations of each component parameter, , are the rms parameter errors, , presumed calculable over an ensemble of similar components. The are elements of a Jacobian relating small variations in these parameters to elements of the Stokes vector (25) The subscript is a parameter index that ranges from 1 to the number of parameters .
The parameter errors can be further partitioned into either systematic or random uncertainties. Systematic uncertainties are time invariant and do not change between calibrations. These uncertainties include, for example, most of the uncertainties of the polarizing grid and retardation plate, as well as beam spillover and effects of radiometer passband averaging. Random uncertainties include physical temperature errors, grid or plate degradations, and the possible effects of variable amounts of moisture condensation, background brightness, and beam misalignment (if present). Since error in the calibrated brightness temperatures due to systematic uncertainties can be compensated for a posteriori (at least in part), we consider these two classes of uncertainties separately. Indeed, an improved determination of calibration standard characteristics (e.g., retardation plate phase shift) and/or calibration using data observed using other independent standards can be used to reduce systematic errors.
The parameter uncertainty vectors for major random, systematic, and total uncertainties can thus be defined as (26) where the subscripts and refer to random and systematic uncertainties, respectively. For simplicity, it is assumed that , , and in the above. The uncertainties of the linearly polarized standard are characterized by the uncertainties of the hot and cold (or ambient) blackbody physical temperatures, their emissivities, the transmissivity, reflectivity, ohmic losses and physical temperature of the polarizing grid, rotation angle, and the phase shift between the vertical and horizontal brightness temperatures (described by , , , , , and , respectively). The uncertainties of the retardation plate are characterized by the uncertainty of rotation angle, phase shift, losses parallel and perpendicular to the plate slow axis, and physical temperature (described by , , , , and , respectively). It is assumed that a separate unpolarized blackbody is also used, for which the uncertainty of its physical temperature is . This variable is redundant with or if either the hot or cold blackbody of the linearly polarized standard is used as an unpolarized target. In (26), we have assumed that all blackbodies have identical emissivities, although this assumption is not necessary.
During calibration the response of a single radiometer channel is (27) Similarly, the fully polarimetric response is (28) where is the Stokes vector matrix (augmented with a unity column vector), and is the unknown gain-offset matrix. The total uncertainty consists of the sum of both radiometric integration noise and the random errors of the calibration standard. Long integration times can be used to reduce , which falls as the inverse square root of the integration time, but only insofar as system drift errors remain small.
The estimation of the gain-offset estimate matrix is straightforward in the case where the inverse of exists (29) In order to reduce calibration uncertainties, however, it is desirable to have an overdetermined matrix, i.e., to include more than five independent observations. In this case, estimates for the unknown gain and offset parameters can be found by pseudoinversion [11] , [23] (30)
The above inverse is guaranteed to exist provided that a full rank set of Stokes observations are made and that the uncertainty is small enough. Splitting the gain-offset estimate matrix into separate and , the scene brightness temperatures are subsequently computed from the radiometer responses by (31) ( 32) where , , and represent the Stokes vector for the scene, uncertainties in the measured brightness temperatures, and radiometer responses, respectively. The length of the unity column vector corresponds to the number of the scenes. It is assumed in the above approach that the gain-offset matrix elements are statistically independent and that no a priori information is used in their determination. If correlations between any of the elements of exist in between calibrations (e.g., due to internal radiometer temperature drift), then these correlations could potentially be utilized beneficially within a statistical (rather than pseudo-) inversion.
It is noted that the phase shift of a retardation plate increases approximately linearly with frequency over nonzero radiometric bandwidths. However, the a priori brightness temperatures of the third and fourth Stokes parameters are functions of and , respectively, and are not linear. The resulting nonlinearity can lead to small errors in determining the a priori brightness temperatures over the entire bandwidth of a radiometer unless a suitable set of calculated Stokes vectors is averaged over the radiometer band. These errors, however, are of second order. Assuming, for example, a 400-MHz wide band centered at 18.7 GHz and a calibration standard with 200-K hot-cold temperature difference, we calculate that the errors remain below 0.01 and 0.04 K for third and fourth Stokes parameters for phase shifts up 90 and 180 , respectively. Note, however, that the third and fourth Stokes parameters diminish for phase shift values near 90 and 0 , respectively, leading to higher calibration errors near these cardinal values. For reasons of both accuracy and convenience, it is thus desirable to fabricate the retardation plate to be near in differential phase delay. Among other potential sources of error are thermal variations in the dimensions of the retardation plate and target asymmetries. However, the same number of polarizing molecules is present during thermal expansion; hence, phase shifts along the principal axes remain fairly constant with temperature. Use of symmetry in the fabrication of the linearly polarized target, retardation plate, and associated rotation hardware insures against polarization basis skew and polarization crosstalk. Errors resulting from asymmetry can generally be associated with errors in rotation angle and phase shift and can be analyzed as such.
D. Accuracy and Sensitivity Issues
The uncertainties in the calibration standard parameters have a significant impact on the overall absolute accuracy of the calibrated radiometer. The impact of these uncertainties can be modeled as small deviations from the true gain-offset matrix, viz,
Similar to (30) , the gain-offset uncertainty matrix is related to calibration noise by (34) Assuming that the radiometer has a sufficiently long integration time during calibration, the integration noise can be made negligible compared to calibration standard uncertainties, in which case (35) The corresponding uncertainty in the scene Stokes vector as a result of the gain-offset uncertainty can be obtained using and (31), (33), and (35)
where is the scene brightness matrix acquired during operation, augmented with a unity column vector as follows:
The elements of the gain-offset uncertainty matrix exhibit interdependencies that can be examined using a gain-offset error covariance matrix (38) Since the integration noise and calibration standard errors are uncorrelated, the total calibration error covariance matrix is 
The covariance matrix of the scene Stokes vector errors now becomes
. . .
Equations (42)- (44) relate the correlated error covariances associated with the use of the standard to the associated errors in the scene Stokes vectors, and provide a means of determining the overall impact on radiometric accuracy.
III. LABORATORY DEMOSTRATION OF FULLY POLARIMETRIC CALIBRATION
To demonstrate fully polarimetric calibration an experiment was carried out in June 1999 at the facilities of the U.S. National Oceanic and Atmospheric Administration's (NOAA) Environmental Technology Laboratory (ETL) in Boulder, CO. The fully polarimetric 10.7-GHz receiver of NOAA/ETL Polarimetric Scanning Radiometer (PSR) [13] was used for this study. An existing linearly polarized calibration standard was upgraded into a fully polarimetric calibration standard by the addition of a phase retardation plate. (A similar fully polarimetric standard was developed also at the Helsinki University of Technology, Laboratory of Space Technology [21] , [24] .)
A. Radiometric Equipment
The NOAA PSR is an airborne multifrequency polarimetric imaging radiometer with total power receivers at 10.7, 18.7, 21.45, 37, and 89 GHz. 1 An internal calibration system consisting of a pair of ambient and heated blackbody targets is integrated into the PSR. Periodic views of these targets enable calibration of the PSR orthogonally polarized channels using a conventional two-look two-point method. The linearly polarized calibration standard used was similar to that described in [11] , being comprised of hot and cold blackbody targets and a polarizing wire grid. The hot target was at ambient temperature, whereas the cold target was immersed in liquid nitrogen. The polarizing grid is a rectangular Duroid microwave substrate of 0.40 mm 0.0157 thickness with 0.17-mm-thick (0.5 oz/ft ) printed copper grid lines. The line widths were 0.15 mm, and the filling factor was 0.25. The grid was bonded to a 13-mm thick styrofoam slab for mechanical stability. Overall grid dimensions were 444 mm 582 mm. The linearly polarized standard was rotatable around its vertical axis to any arbitrary angle 1 See http://www.etl.noaa.gov/technology/psr. , as recorded using a 12-bit angular encoder. Unpolarized cold and hot brightness temperatures were generated by either removing the grid or replacing it with a flat aluminum reflecting plate, respectively.
The fully polarimetric standard was implemented by inserting a rotatable retardation plate over the aperture of the linearly polarized standard (Fig. 2) . The retardation plate was fabricated out of a slab of cross-linked polystyrene (Rexolite 1422) with parallel grooves of spacing 5.07 mm, depth 15.12 mm, and fill factor 0.53, and machined on both faces (Fig. 3) . The diameter of the aperture was 518 mm. The phase shift of the plate was determined by applying the formulas presented in [20] and [21] to be 53.4 at 10.7 GHz using the dielectric properties of Rexolite from [25] at 9.05 GHz ( , ). The plate's physical temperature was equal to the hot absorber temperature. Using flow graph network simulation, the power reflection of the plate at the applied frequency was estimated to be 1.9% and 1.0% for polarizations parallel and perpendicular to the slow axis, respectively. To minimize stray radiation leakage, the 140-mm-long gap between the antenna and the calibration standard was closed off using an aluminum foil shroud.
B. Measurements
The experiment consisted of a series of measurements using calibration standard configurations designed to provide a full rank observation matrix. The calibration standard was observed at a variety of rotation angles both with the retardation plate (i.e., for fully polarized observations) and without it (i.e., for purely linearly polarized observations). Cold and hot unpolarized observations were also made, both with and without the re- tardation plate. The retardation plate orientation angle was set to four distinct angles ( 45 , 0 , 45 , and 90 ), but otherwise remained invariant with respect to the antenna during rotation of the linearly polarized standard. The observed data were organized into sets obtained during one PSR internal calibration cycle. Each set consisted of several full rotations of the linearly polarized standard, with three to four such sets collected at each of the four retardation plate angles.
Parameters of the fully polarimetric standard were determined to calculate the generated a priori Stokes vectors using (5)- (22) . The emissivity of the absorber material was considered to be essentially unity at the applied frequency range. The polarizing grid of the linearly polarized standard is etched on a low-loss microwave board, and it was thus unclear if the theoretical determination of freestanding wire grid characteristics as in [26] could be applied. Accordingly, values for and (which included the influence of the grid) were directly estimated by the orthogonal-channel data that were calibrated using PSR internal calibration targets. Measurements of the rotation angle were calibrated by finding the maxima and minima in the output signals of the orthogonal-channel polarizations.
The characteristics of the polarizing grid were studied without the retardation plate by varying . The orthogonal-channel signals were calibrated using PSR internal calibration targets. The brightness temperatures and were determined by applying (5) and (6) and pseudoinversion for the entire dataset. The estimated value of was compared with that obtained using a cold unpolarized view. No difference could be discerned. This indicates that the transmission and reflection characteristics of the grid were close to ideal and, thus, verify the feasibility of an etched polarizing grid for linearly polarized calibration standards.
The retardation plate losses were examined by measuring the unpolarized cold target through the plate. The plate caused less than a 2-K increase in brightness, indicating a combined reflection and absorption loss of less than 2%, and consistent with theoretical estimates.
C. Gain-Offset Estimation
The full gain-offset matrix was estimated for each observed dataset using (30) . In order to obtain a sufficient number of linearly independent measurements, selected data for 90 was incorporated with data for 0 , and vice versa. Similarly, selected data for 0 was incorporated with data for 45 and 45 . The PSR ambient internal calibration target was used as the unpolarized source. At 1 angular resolution the number of calibration looks ranged from 400 to 900 for each inversion. The a priori Stokes vectors for these sets were determined using (5) Comparing the calibrated brightness temperatures, it is seen that the amplitude modulation of the orthogonally polarized channels is much smaller for case "B" than for case "A". This reduction in amplitude is a consequence of the generation of quadrature-phased vertically and horizontally field components from the linearly polarized signal off the grid. Each of these field components has comparable brightness; therefore, the first two Stokes parameters are expected to be similar. The residual amplitude modulation is a consequence of the plate's phase shift being 53.4 (a 90 shift would cause no variation of and with ). Another clear difference is that for case "B", the third and fourth Stokes parameters exhibit maxima that are offset by 45 in the angle . This is a consequence of the retardation plate not being parallel with one of the orthogonal polarizations of the antenna.
From the estimated gain matrix and offset vector for case "A"
several observations regarding the performance of the PSR 10.7-GHz radiometer (as aligned during this experiment) can be made. First, the symmetry of the gain elements , , , and indicate a significant 45 mixing between the third and fourth Stokes channels. Although this level of mixing is relatively large, it is also invertible in software (i.e., during calibration)-as evidenced by the positive determinant of the submatrix consisting of , , , and . Second, the mixing from the polarimetric channels ( and ) into the orthogonal channels is small, with brightness temperature errors in the orthogonal channels of order 0.02 K or less for a typical wind vector signal. Third, a significant level of orthogonal channel polarization mixing (from 15 to 17 dB) is apparent, but compensated in software by off-diagonal terms and .
D. Error Analysis
To determine calibration errors the random and systematic uncertainties in were derived from the estimated uncertainties of the calibration standard parameters listed in Table II . The estimated uncertainty limits of Rexolite were set conservatively at , . The retardation plate manufacturing tolerances were estimated to be 25 m. The uncertainty in the retardation plate phase shift was subsequently determined using standard propagation of errors. We note that an accurate figure for phase shift can also be obtained by direct measurement, e.g., as in [20] . The effect of nonzero bandwidth was computed and determined to be negligible. The resulting gain-offset uncertainty matrix due to random uncertainty is obtained by (35), with relative gain and offset uncertainties during measurement "A" presented in (47) and (48), respectively. The elements are normalized to the corresponding diagonal and elements, e.g.,
As explained in Section II-C, radiometer biases due to systematic uncertainties of the calibration standard can be decreased a posteriori. The systematic uncertainties are therefore not considered within (47) and (48). For measurement "A", the correlation matrix of the diagonal elements of the gain-offset uncertainty matrix is obtained using (38)-(41) The above matrix represents the degree by which random errors in the calibration standard impact the simultaneous determination of the gain-offset matrix elements.
IV. APPLICATION TO WIND VECTOR MEASUREMENTS
A promising application of airborne and spaceborne polarimetric radiometry is near-surface wind vector imaging (e.g., see [4] ) for which the impact of absolute radiometric accuracy can be analyzed. As a benchmark set of wind vector accuracy requirements, we use the criteria proposed for the U.S. National Polar Orbiting Environmental Satellite System (NPOESS), for which a mandatory rms wind direction accuracy of 20 for wind speeds greater than 5 m/s has been specified, and with 10 as a goal [27] . Adopting these error thresholds, and using the satellite simulation results provided in [13] , the maximum tolerable radiometer noise per beam footprint becomes 1.2 K and 0.8 K for the 20 and 10 rms direction accuracies, respectively. The above noise limit assumes a 10.7-, 18.7-, and 37-GHz tripolarimetric ( , , and ) single-look radiometer and clear sky conditions.
We can now determine the impact of biases generated in the calibration process on wind direction estimation. Assuming the above directional accuracies (20 and 10 ) as tolerable for the retrieved wind direction product, the resulting maximum biases in the or are determined from the mean slope of the azimuthal brightness harmonic functions (50) (51) where is the look angle relative to the upwind direction. A model for and as a function of wind speed has been presented in [4] for a 53 incidence angle. The mean absolute values of , i.e., are 0.006 K deg and 0.005 K deg for 37 and 10.7 GHz, respectively, for 5 m/s wind speed. For 20 and 10 wind direction biases, we can thus tolerate no greater than 0.12-K and 0.06-K brightness bias, respectively, at 37 GHz, and 0.10 K and 0.05 K, respectively, at 10.7 GHz. These bias estimates assume low wind speeds and the use of only a single radiometer channel at a time, and thus are conservative. At higher wind speeds, and combining multiple radiometer channels these bias limits could be relaxed somewhat. For example, at 20-m/s wind speed, the bias limits for 20 and 10 wind direction biases are 0.41 and 0.21 K, respectively, at 37 GHz, and 0.46 and 0.23 K, respectively, at 10.7 GHz.
The biases generated as a result of calibration uncertainties, defined by (36) can now be compared to those computed above. A three-frequency (10.7, 18.7, and 37 GHz) spaceborne fully polarimetric radiometer observing at 53 from nadir is assumed along with a potential state-of-the-art fully polarimetric calibration system and a simplified calibration sequence as in Table I . Cold space at 2.73 K, known with high accuracy, is assumed for the cold blackbody target. The mean values of oceanic brightnesses over a full 360 of relative wind direction were modeled according to [4] and [28] , with atmospheric corrections based on [29] .
We can now estimate the calibration uncertainties in the case of this simplified calibration sequence on the three-band wind vector radiometer. The assumed random and systematic uncertainties of various calibration standard parameters are presented in Table III . The estimated systematic uncertainties of the hot target and unpolarized target brightness temperatures ( and , respectively) are based on results presented in [22] . The values for and are based on [26] , [30] , and [31] , with . We further assume that the phase shift of a single retardation plate increases linearly with frequency. In order to avoid the phase shift from being close to 0 , 90 , or 180 at any band, a value of 35.0 was selected for 10.7 GHz; the phase shift values for 18.7 and 37 GHz then follow to be 61.2 , and 121.0 , respectively. Note that the selected phase shift combination represents only one specific example; other phase shift combinations are possible but would alter the generated brightness temperature errors and . We note that using 45 makes these errors equal, and larger values (between 45 and 90 ) lead to an increase in and a decrease in . Retardation plate reflections are also not considered here.
The brightness temperature errors caused by the above parameter uncertainties are presented in Table III ; components smaller than 0.01 K are neglected. It can be seen that for the orthogonal channels the most significant sources of random error are those found in determining the absolute temperatures of fabricated blackbody targets. The most significant systematic error sources are the temperature of the hot target and the accuracy of the transmission and reflection parameters of the polarizing grid. For the polarimetric channels the most significant random and systematic error sources are the uncertainties in the rotation angles of the linearly polarized standard and the retardation plate. Note that potential reductions in random error due to an overdetermined calibration configuration set are not considered, so these calculations are considered conservative. The fact that is more sensitive to uncertainty of the hot target brightness temperature than is due to the higher vertical brightness temperatures observed over water.
As discussed earlier, radiometric biases due to systematic uncertainties incurred by the use of the fully polarimetric calibration system can be removed a posteriori, and are thus of less interest than those caused by random parameters. The errors Table I are seen to be low enough for wind vector measurements: these uncertainties are less than 0.1 K for the orthogonal polarizations and 0.1-0.3 K for the third and fourth Stokes parameters. Moreover, these random uncertainties are further diminished by increasing the number of calibration views at distinct values of and . By doing so the random errors fall within the prescribed NPOESS limits for at 10.7, 18.7, and 37 GHz. Provided that the calibration uncertainties are reasonably uncorrelated between channels and polarizations the impacts of these uncertainties are further reduced by , where is the number of polarized channels. Inclusion of additional calibration scenes without the retardation plate (i.e., tripolarimetric calibration) [21] , optimizing the phase shift combination of the retardation plate at different frequencies, and removal of the remaining offset using the assumption are additional means of random error reduction and should be considered.
We note that the set of calibration views chosen significantly impacts the ultimate calibration accuracy. For the orthogonally polarized channels alone this optimum set differs from that for the third and fourth Stokes parameters. The applied set of configurations should thus be optimized by taking several factors into consideration, including the importance of the individual Stokes parameters in the final product, the specific calibration parameter uncertainties, duration of the calibration, and other practical concerns such as radiometer stability.
Other issues associated with fully polarimetric calibration have also been considered. The loss of Rexolite material increases with increasing frequency. Although this effect was not taken into consideration in determining the brightness temperature uncertainties at 18.7 and 37 GHz, the influence of loss is very small and can be neglected. The impact of nonzero radiometric bandwidth was also considered. The radiometer was assumed to have rectangular passband with bandwidth of 2000 MHz at all frequencies. The resulting full-passband error using the selected phase shift values of the retardation plate was determined to be less than 0.001 K, and thus negligible.
V. SUMMARY
The conventional hot and cold blackbody technique that is widely used to calibrate conventional orthogonally polarized microwave radiometers is inadequate to calibrate modern polarimetric radiometers. The calibration system and application technique described herein is an extension of that of a linearly polarized standard [11] and fulfills the more extensive requirements of fully polarimetric calibration by presenting to the radiometer a precisely known set of polarized Stokes vectors. The system is based on a GK linearly polarized standard and a precision dielectric retardation plate. This study has presented the theoretical background for the fully polarimetric calibration system, including the mathematics necessary to determine the a priori Stokes vectors, a calibration matrix inversion technique, and error analysis.
The application of the system was demonstrated in an experiment using the NOAA/ETL fully polarimetric calibration standard and Polarimetric Scanning Radiometer. During the experiment, the fully polarimetric gain and offset matrices and other parameters of PSR 10.7-GHz receiver were successfully identified. The uncertainties resulting from the use of a fully polarimetric calibration standard were also estimated. Using an anticipated oceanic brightness temperature scene, the applicability of the calibration system to wind vector radiometry was studied, and critical issues discussed. Specifically, it was shown that the NPOESS brightness accuracy requirements prescribed for wind vector measurements could be achieved using a potential state-of-the-art fully polarimetric calibration system based on the principles discussed herein.
APPENDIX
The vertical brightness temperature after the retardation plate is obtained using the derivation in [18] (A1) where
Similarly, the horizontal brightness temperature after the retardation plate is obtained by
where
The generated third and fourth Stokes parameters ( and ) are derived by cross correlating the vertical and horizontal brightness temperatures [18] 
